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N
Jets at the LHC: Internal Structure

e Internal structure of jets resolved due to excellent detector resolution.

e Electroweak scale objects, W /Z/H or t can have sufficiently high pt
to appear inside a jet.

Boosted Tops Event Display

¢ Revolutionizes the types of questions we can/must ask about jets:
= jets have substructure!
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N
Jet Substructure

e Substructure techniques were primarily developed to search for new
physics.

o Extremely succesful!
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N
Jet Substructure

e What has come out of this?

e New and stronger bounds on BSM physics.

o A wealth of new and sophisticated techniques for studying and
calculating properties of jets!

Substructure Observables Grooming Strategies

e Can be applied more generally to the study of hadronic final states.
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Analytic Calculations with Grooming

e Difficulties in QCD calculations for pp:

Global color correlations

Hadronization corrections
e Pile-Up
e Underlying event

e All complications associated with soft radiation. -

e Groomers remove soft radiation
=—> Makes calculations simpler and more universal.
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Soft D ro p G room I ng [Larkoski, Marzani, Soyez, Thaler]

[Dasgupta, Fregoso, Marzani, Salam]

Groomer are used to remove soft contamination.

Soft Drop/ mMDT: Recurse through a Cambridge-Aachen clustering
tree and remove particles that fail the condition:  min[pr;, pr/]

> Zeyt
pTi + PTj ’

Any IRC safe observable measured on a groomed jet is IRC safe.
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Analytic Calculations with Grooming

e Grooming removes all color correlations.

X

e Jet can be considered in isolation!

e Enables calculations in complicated LHC environment.
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Soft Drop Jet Mass

e Measurement of the groomed jet mass in ATLAS!

Soft Drop Mass in ATLAS
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e Comparison of theory and data for a substructure observable!
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Analytic Calculations with Grooming

e This has both pros and cons.

Global color correlations
e Hadronization corrections
Pile-Up

Underlying event

2 —
¢ |If you remove soft radiation, you cannot learn about it.

e Effects associated with soft radiation are least well understood
theoretically.
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N
Outline

20[ . pp - Zj Groomed D; Spectrum (NLL + LO)

R=10,244 =0.1
e Groomed Observables § 15y oot F
e Top Quark Mass : N

e Groomed Two Prong Observables

e Hadronic Event Shapes
e Energy-Energy-Correlator P
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N
Substructure for the Standard Model

e Boosted electroweak scale objects, W /Z/H and t are all interesting
SM particles!

Boosted Tops

e Techniques that have been developed for use in jet substructure can
provide innovative ways to study the SM.

e Here grooming can be highly beneficial.
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Top Quark Mass J
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Top Quark Mass

e Top mass is an important parameter of the Standard Model.
Kinematic Top Mass Extractions:
Tevatron (2014): m;= 174.34 + 0.64 GeV

CMS Run 1 (2015): m;= 172.44 = 0.49 GeV
ATLAS Run 1 (2016): m;= 172.84 = 0.70 GeV

e Due to its strongly interacting nature, top mass is a renormalized
parameter of the SM, needs to be defined in a given scheme.

What scheme is the top mass measured in?

See Also Talk by Czakon

CMS Run 1 (2015): m:= 172.44 = 0.49 GeV

nl;mle7 e, ’HLSASR, . .
Theory(QFT) Ashower _ | GeV <
Simulation 4
(Monte Carlo) L
/ Field Theoretic
MC A
Experiment my Definition?
Butenschoen, Dehnadi, Hoang, Mateu, Preisser, Stewart 2016 [Pathak, Boost 2017]
Hoang, Stewart 2008
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]
Top Quark Mass

e For sufficiently inclusive event (jet) shape observables, top mass can
be given a precise meaning through factorization formulas:

tom i d*o Peak Region:
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dME dM? M} —m? ~ml < m?
( ) ) soft particles ( Z ) )
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Factorization Theorem:
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Fleming, Hoang, Mantry, Stewart 2007
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Top Jets in pp

e Can we directly measure top jet mass at pp?

o Naively seems impossible due to the very large contamination.

Top Jet Mass
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|
Soft Drop Top Mass

e Can we apply grooming to achieve a precision top mass measurement
at the LHC?
e Hadronization uncertainty reduced v
e Poorly understood contribution from MPI minimal v/

Groomed vs. Ungroomed Soft Drop Top Mass
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[Hoang, Mantry, Pathak, Stewart]
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|
Soft Drop Top Mass

o All orders factorization theorem for Soft Drop Top Mass in pp:
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e Calculation can be extended to NNLL for a precision top mass
extraction = would be a massive success for jet substructure.

[Hoang, Mantry, Pathak, Stewart]
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Groomed Two-Prong Observables J
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Analytic Boosted Boson Discrimination at the LHC

e Groomed mass measured and theoretically well understood.

e Groomed two-prong (probe three emissions) observables are next
step:
e Grooming and perturbative mass cut make them behave like a
protected event shape inside the jet.
e Clean even in LHC environment.
e Interesting for QCD studies e.g. a5, parton shower studies, etc
e Understanding can be used as input into searches.

e Start with Ds:

[Larkoski, Moult, Neill]
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Analytic Calculations with Grooming

e Grooming removes all color correlations.

X

e Focus on two-prong substructure gives you
“boosted eTe™ event shapes”

e Radiation inside dipole is a remarkably clean, isolated system.
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Perturbative Structure

e Calculation performed by piecing together different EFT descriptions.

Groomed D, Phase Space
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o Completely cover all asymptotic regions of phase space.
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Non-Perturbative Behavior

e Non-perturbative effects are non-negligible, but under control.

e Provide interesting probe of color flow of non-perturbative radiation
emitted from a dipole, and effects of grooming on this radiation.

e Would be very interesting to measure.

e Non-perturbative effects exhibit a number of interesting features
e Non-perturbative power corrections are suppressed by the jet mass
¢ Negligible contribution from MPI/Underlying Event
e Independent of rest of event: Depends only on quark or gluon fraction,

jet mass.
¢ Independent of quark or gluon.

December 10, 2018 22 /39
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Non-Perturbative Behavior
e Non-Perturbative correction controlled by perturbative jet mass

—> behaves like a (boosted) event shape with @ = m!
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Non-Perturbative Behavior

e Collinear-soft radiation emitted from dipole:
= In large N, limit, independent of quark or gluon.

e Well born out in parton shower Monte Carlo.

NP Parameter Extraction
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Non-Perturbative Behavior

e Contribution from MPI/Underlying Event completely negligible.

e Non-perturbative corrections are from hadronization within the jet.
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e Good control of non-perturbative contributions.
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Analytic Boosted Boson Discrimination at the LHC

Relative Probability

e Calculation of groomed D, at the LHC.

Groomed D, Distribution
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e Analytic understanding of modern jet substructure tools at LHC!

e Precision measurements useful!
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Hadronic Event Shapes J
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Analytic Calculations with Grooming

e Grooming has both pros and cons.

Global color correlations
e Hadronization corrections
Pile-Up

Underlying event

2 —
¢ |If you remove soft radiation, you cannot learn about it.

e Effects associated with soft radiation are least understood
theoretically.
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Color Evolution

o With four directions, one has “quantum color evolution”.

B\ 590, T, s B
& 'Sﬁg‘%’)& B, %
3 4
&

4

e Grooming destroys this, leading to classical color evolution.
e At 3 loops, one encounters for the first time a “color quadrupole”

AP ({pia}) = 16 e feae{
[TeTYTLTY F (i pi)
1<i<j<k<lI<n b d
+ T{TLTST] F(pijht, pitks)
+ YT T T F(pijurs szu‘)}
n [Almelid, Duhr, Gardi]
oy Y (meTiTiT),
i=11<j<k<n

G kAT

e Can we get to this accuracy/ see this in a physical observable?
29 / 39
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N
Choice of Observable

e Event Shapes are not all created equal.

e From increased study of observables, now much better understood

Transverse Thrust in CMS TEEC in ATLAS

1/N dN/din(x, )

MC / Data

which have properties enabling high order calculations.

102
1.4
12

0.8

2.21b" (13 TeV)

H VHHH‘

CMs
[T T

—~+ Data
— PyB+CUETPSM1
« MPl-disabled

[ Total uncertainty
[ Statistcal uncertainty

225< Hr‘2 <298 GeV
TR
HH
=T T
- R

In(x,)

o 800 GeV <Hy, <850 GeV

o

35

s ]

2

8 1ok ATLAS e Data2012 8

5 F — 3

a [ G-sTev;202m’ Pythia8

° e <o Herwig++

E [ amikiesr-0s g ]
Ee 3

o

MC / Data

°
o

ATLAS Hadronic Final States

T 08 06 04 02 0 02 04 06 08

cos ¢

December 10, 2018

30 / 39



Transverse Energy Energy Correlator

o Extensive ongoing theoretical work on understanding TEEC.

e See Lance Dixon at
https://www.youtube.com /watch?v=WVClygsjZNc

e Is now most accurately known dijet event shape NLL — N3LL.
[Dixon, Gao, Li, Moult, Zhu ]
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Transverse Energy Energy Correlator

e TEEC interesting in both collinear and back-to-back region.

e Back-to-back: color quadrupoles (Sudakov logarithms)
e Collinear: Non-trivial probe of splitting (single logarithms).

-1.0 -0.5 0.0 0.5 1.0

o ATLAS measurement currently uses NLO fixed order.

e Can be improved significantly (numerics not finished today:( ).

e Measurement with very fine bins would be nice!
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N
TEEC in Collinear Limit

e TEEC in collinear (¢ — 0) limit exhibits highly interesting behavior.
e Is a self grooming, single logarithmic observable.
e Does not exhibit Casimir scaling.

e Can be resummed to high perturbative orders. [Dixon, Moutt, Zhu |
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e Has received almost zero experimental or theory interest.

e Would be very interesting to measure as a jet substructure observable.
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N
TEEC in Collinear Limit

e Splitting function can be written as a classical piece + quantum piece:

o/ x 8s(x) =0
—aGp (X raeW) . ak=t O
™ \1—x 1
gv(x) =x+ 1
o All perturbatively calculable jet substructure observables that | am
aware of (both groomed and ungroomed) can be computed at LL
from the classical piece = Casimir Scaling —
Theorem: For an observable whose LL result can be computed using
the eikonal splitting functions of (1) in the independent emission
approximation (with or without running coupling), this LL result can
not achieve better quark/gluon discrimination than multiplicity.

[Metodiev, Moult, Nachman, Prestel]

e Does not hold for TEEC. Is sensitive to “quantum” structure of

splitting. Promising as q vs. g discriminant in simulation.
[Dixon, Moult, Zhu ]
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(Near?) Future Prospects J
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|
NNLO Jet Substructure/ Hadronic Event Shapes

e Next jump in precision will require 2 — 3 amplitudes at NNLO
— substructure (mass) of jet described at NNLO!
— hadronic event shape described at NNLO!

e Significant recent progress and numerical results

[Abreu, Febres Cordero, Ita, Page, Sotnikov], [Gehrmann, Henn, Lo presti]
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e Will be a game changer enabling precision substructure at the LHC!
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|
NNLO

e In the short term, only a few observables at hadronic colliders will get
to NNLO+N3LL.
e Two prime candidates are

e Groomed Jet Mass
e Transverse Energy-Energy-Correlator
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Conclusions

e Jet substructure provides novel ways for
studying hadronic final states.

e Grooming is useful, but don’t groom

everything!

e Hope for precision SM physics from

substructure in the future.
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Thanks!
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